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(57) ABSTRACT 

A method for producing a strain of Saccharomyces cerevisiae 

With introduced genes coding for xylose reductase, xylitol 
dehydrogenase and Xylulokinase and With improved ethanol 
production, improved xylose conversion, reduced Xylitol pro 
duction and improved inhibitor tolerance is described. The 
method comprises culturing a strain of Saccharomyces cer 
evisiae at a continuous mode With a medium comprising 

essentially only xylose as carbon source at a temperature of 

25-38° C., preferably 30-35° C., and an air?oW of 0.040-0. 
055 vvm, and increasing the dilution rate to maintain a con 

stant cell level, said cell level being in the range of 1.5-3.0 

determined by optical density or equivalent analytical means, 
and adding at least one inhibitor to the cells and gradually 

increasing the addition of said inhibitor. Further, strains of 
Saccharomyces cerevisiae obtained by the method according 
to the invention are described. 
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Fig. 4 (continued) 
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Fig. 6 (continued) 
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Fig. 13 (continued) 
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STRAINS OF SACCHAROMYCES 
CEREVISIAE 

TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention relates to a method for pro 
ducing a strain of Saccharomyces cerevisiae With introduced 
genes coding for Xylose reductase, Xylitol dehydrogenase and 
Xylulokinase and With improved ethanol production, 
improved Xylose conversion, reduced Xylitol production as 
Well as an improved inhibitor tolerance. The present inven 
tion further relates to strains of Saccharomyces cerevisiae 
obtainable by the method according to the present invention. 

BACKGROUND ART 

[0002] Environmental issues regarding the use of petrol as 
an automobile fuel and also the risk that todays oil Wells in the 
future Will run dry has led to an intense research regarding an 
alternative to the use of petrol. Ethanol has been found to be 
a good alternative to petrol since it to a large extent can be 
used instead of petrol Without major changes of combustion 
engines. Ethanol can be used today to replace some of the fuel 
With very small or even Without any adjustments at all to the 
engines. 
[0003] Strains of the genus Saccharomyces are used Widely 
in the industry for breWing, distilling, baking and various 
other applications. Saccharomyces cerevisiae is one of the 
most Widely used microorganisms in industrial applications 
in vieW of it’s ability to convert sugars such as glucose and 
sucrose to biomass, and fermenting these sugars to ethanol. 
Strains of Saccharomyces cerevisiae are used in the fuel 
industry in vieW of their ability to rather rapidly convert 
sugars into ethanol and since Saccharomyces cerevisiae has a 
better tolerance toWards fermentation inhibitors and ethanol 
compared to bacteria and other yeast. WO2005/ l l 1214 dis 
closes strains of Saccharomyces cerevisiae having an 
increased ability to produce ethanol in the presence of inhibi 
tors such as furfural and 5-methoxy furfural. 

[0004] Unlike bacteria and several yeast species, Wild-type 
Saccharomyces cerevisiae is not able to use pentoses such as 
Xylose and arabinose as carbon source. The ability of Saccha 
romyces cerevisiae to groW on abundant carbon sources such 
as side streams and Waste material from other processes, such 
as agricultural Waste material from eg maiZe and bagasse, 
and Waste material from eg paper manufacture, is of great 
environmental, but also economical, value. Agricultural 
Waste comprises a rather large fraction of hemicellulose, 
Which contains many different sugar monomers. For instance, 
besides glucose, these sugar monomers can include Xylose, 
mannose, galactose, rhamnose and arabinose. Xylose is the 
sugar monomer that is present in the largest amount and thus 
represents an important carbon source for the manufacturing 
of ethanol using yeasts, providing a huge economic and envi 
ronmental advantage. 
[0005] Genes encoding enZymes giving the ability to use 
Xylose as carbon source have previously been introduced in 
Saccharomyces cerevisiae. EP 1 282 686 discloses recombi 
nant Saccharomyces cerevisiae strains having incorporated 
genes for the enZymes Xylose reductase, xylitol dehydroge 
nase and Xylulokinase as Well as having been subjected to a 
speci?c mutation. Said strains have the ability to ferment 
lignocellulose raW materials to ethanol. The strain deposited 
in Ep 1 282 686 is CBS 102679 (TMB3400, Taurus 01) andis 
generally recognised to be ef?cient in the prior art. The etha 
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nol produced by the strain CBS 102679 has been considered 
very good compared to other prior art recombinant yeasts, but 
there is also a production of the undesirable byproduct xylitol. 
Therefore, there is still a need Within the art to provide neW 
strains of Saccharomyces cerevisiae having an even better 
ethanol production, better Xylose conversion as Well as loWer 
Xylitol production in vieW of the increasing environmental 
aspects of society today. Furthermore, it is desirable to pro 
vide strains having an even better inhibitor tolerance. 

SUMMARY OF THE INVENTION 

[0006] The aim of the present invention is therefore to solve 
the problems above and to provide novel strains of Saccaro 
mycese cerevisiae having better Xylose conversion, better 
ethanol production, loWer production of the byproduct xylitol 
as Well as an improved inhibitor tolerance, said strains of 
Saccharomyces cerevisiae having the ability to produce etha 
nol using essentially only Xylose as carbon source. 
[0007] According to a ?rst aspect of the present invention 
this problem is solved using a method for producing a strain 
of Saccharomyces cerevisiae With introduced genes coding 
for Xylose reductase, xylitol dehydrogenase and Xylulokinase 
and With improved ethanol production, improved Xylo se con 
version and reduced Xylitol production, comprising the steps 
of: 

[0008] a) culturing cells of Saccharomyces cerevisiae 
With introduced genes coding for Xylose reductase, Xyli 
tol dehydrogenase and Xylulokinase at a continuous 
mode With a medium comprising essentially only Xylose 
as carbon source at a temperature of 25-380 C., prefer 
ably 30° C.-35o C., and an air?oW of0.0l-0.06 vvm, and 
increasing the dilution rate to maintain a constant cell 
level, said cell level being in the range of 1.5-3.0 deter 
mined by optical density or equivalent analytical means, 

[0009] b) and adding at least one inhibitor to the cells and 
gradually increasing the addition of said inhibitor. 

[0010] The important step is to maintain the cell level con 
stant in the bioreactor. When improved cells have evolved, 
Which can better utiliZe the substrate at the speci?c groWth 
rate set by the dilution rate, more cells Will be formed as a 
result of the improvement. This means that to keep the selec 
tion pressure an increase in groWth rate is needed, Which is 
obtained by increasing the dilution rate. 
[0011] According to one embodiment of the present inven 
tion the medium of step a) comprises 15-25 g/l Xylose, pref 
erably about 20 g/l. 
[0012] In a further embodiment the method further com 
prises the step of 

[0013] c) increasing the temperature to 35-45° C. and/or 
applying UV irradiation during the culturing, e.g. either 
after step a) or b). 

[0014] An increase of temperature enriches the number of 
cells With a higher tolerance against stress. 
[0015] The air?oW used depends on the properties of the 
yeast strain that is used. In the case of a respiratory metabo 
lism more air is required, eg in the case of Xylose metabo 
lism. As soon as ethanol production has begun less air is 
required and may be decreased in order to increase the selec 
tion pressure for the ethanol metabolism instead. 
[0016] The Xylose consumption capacity may be seen as 
composed of tWo components, the importing rate and at What 
concentration the import can be e?iciently done, i.e. the a?in 
ity for Xylose. The rate of import is tightly connected to the 
groWth rate When Xylose is the sole carbon source, i.e. hoW 
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fast the xylose graph is decreased. The a?inity for xylose is 
good if the xylose graph reaches close to Zero, i.e. all of the 
xylose has been used. 
[0017] For an e?icient xylose conversion capacity addi 
tionally the carbon of xylose imported should be channeled to 
ethanol not to xylitol and as little as possible toWards cell 
formation. The strains of the invention have both improved 
importing rate and a?inity for xylose. 
[0018] In another embodiment the improved ethanol pro 
duction, improved xylose conversion and reduced xylitol pro 
duction is in comparison to the strain deposited as CBS 
102679 (TMB3400, Taurus 01). In another embodiment the 
cells as used in step a) of above method are cells of the strains 
as deposited CBS 102679. Said cells of Saccharomyces cer 
evisiae that are used as starting material in step a) have intro 
duced genes for the enzymes xylose reductase, xylitol dehy 
drogenase and xylulokinase in order for the yeast to be able to 
ferment xylose. These genes can be obtained from any source 
from Which such genes can be isolated. For instance can the 
genes coding for xylose reductase, xylitol dehydrogenase be 
obtained from Pichia slipilis and xylulokinase be obtained 
from Saccharomyces cerevisiae. 
[0019] In one embodiment the method further comprises 
the step of 

[0020] d) selection of cells, from step b) or from step c), 
With xylose conversion ability and inhibitor tolerance. 

[0021] According to another embodiment the selection is 
conducted on an agar plate With xylose as essentially sole 
carbon source and/or said at least one inhibitor or any other 
inhibitor. It is also possible that the selection is conducted on 
an agar plate With any carbon source and said at least one 
inhibitor or any other inhibitor. Thus, the strain may handle an 
environment With different types of inhibitors, not only the 
speci?c one used in the method of the invention for making 
the strain inhibitor tolerant. 
[0022] To obtain an improved inhibitor tolerant xylose 
fermenting yeast strain it is important to keep up both the 
selection pressure for xylose conversion and inhibitor toler 
ance. Since, glucose is a preferred carbon source of Saccha 
romyces cerevisiae the presence of this sugar inhibits the 
selection pressure for xylose. This Was noted in some of the 
experiments in Which the xylose conversion capacity Was 
decreased While gaining inhibitor tolerance. Thus, mo st types 
of hydrolysates, that typically contain large amounts of glu 
cose, can not be used in the method according to the inven 
tion. Thus, in order to produce a strain of the present inven 
tion, a laboratory medium (minimal or de?ned) should be 
provided, having xylose as essentially the sole carbon source, 
in the presence of inhibitors such as a synthetic mix or as a 
largely degraded hydrolysate, Which are high in inhibitors 
and loW in sugars, importantly the level of glucose and man 
nose should be very loW. 

[0023] In one embodiment of the present invention the 
inhibitor is chosen from furans such as HMF and furfural, 
organic acids such as acetic acid and formic acid and phenolic 
compounds. Further examples of inhibitors are given in the 
exemplary part of the present speci?cation. 
[0024] The present invention further relates to a strain of 
Saccharomyces cerevisiae With improved ethanol produc 
tion, improved xylose conversion and reduced xylitol produc 
tion, Wherein said strain is Taurus03 With deposition number 
CBS128138. 

[0025] In another embodiment the present invention also 
relates to a strain of Saccharomyces cerevisiae With improved 
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ethanol production, improved xylose conversion and reduced 
xylitol production and improved inhibitor tolerance, Wherein 
said strain is Taurus04 With deposition number CBS128139. 
[0026] In one embodiment the present invention also 
relates to a strain of Saccharomyces cerevisiae With improved 
ethanol production, improved xylose conversion and reduced 
xylitol production and improved inhibitor tolerance, Wherein 
said strain is Taurus07 With deposition number CBS128140. 
[0027] All of the strains of the invention have been depos 
ited at Centraalbureau voor Schimmelcultures (CBS), Upp 
salalaan 8, 3584 CT Utrecht, the Netherlands. 
[0028] Saccharomyces cerevisiae Taurus03 With deposit 
number CBS128138, has been deposited on 17th ofOct.2011. 
[0029] Saccharomyces cerevisiae Taurus04 With deposit 
number CBS 1 281 3 9, Saccharomyces cerevisiae Taurus07 
With deposit number CBS 128 140 have been deposited on 26th 
of Oct. 2010. Saccharomyces cerevisiae Taurus 10 CBS 
128141, Which is also mentioned herein, has been deposited 
on 2 Nov. 2010. 

[0030] Another embodiment of the invention is the use of a 
strain obtained by the inventive method for fermenting ligno 
cellulose raW materials into ethanol. The lignocellulose raW 
material that is used can be any kind available. Examples are 
agricultural residues including corn stover and sugarcane 
bagasse, Wood residues including saWmill and paper mill 
discards, and municipal paper Waste. 
[0031] Another embodiment of the invention is the use of a 
strain obtained by the inventive method in a simultaneous 
sacchari?cation and fermentation (SSF) process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] The present invention Will noW be described in 
detail by examples With reference to the enclosed draWings. 
[0033] FIG. 1: Improvement in groWth properties re?ected 
by dilution rate during adaptation in continuous cultures With 
minimal medium described in example 1. In ?rst part (blue 
line, starts at 0,025 dilution rate, h_l) xylose Was used as the 
only carbon source and in the second part (red line, starts at 
0.05 dilution rate, h_1) the temperature Was increased to 35° 
C. and bagasse (green line, starts at 0 dilution rate, h_l) 
blended into the medium at increased levels. 

[0034] FIG. 2: Improvement in maximal speci?c groWth 
rate during adaptation in repetitive shake ?ask cultures With 
minimal medium described in example 2. First part (dia 
monds) With 20 g/l xylose and second part (squares) With 5 
g/l. In the second part from round 10 series D is shoWn. 
[0035] FIG. 3: Xylose consumption (squares) and ethanol 
(crosses) and cell (diamonds) formation in shake ?ask cul 
tures With minimal medium and xylose as the sole carbon 
source. Cell concentration are estimated as optical density at 
650 nm (OD). FIG. 311 for Taurus 02, FIG. 3b for Tarurus 03, 
FIG. 30 for Taurus 07, FIG. 3d for Taurus 04, FIG. 3e for 
Taurus 08, FIG. 3ffor Taurus 09, FIG. 3g for Taurus 10. 
[0036] FIG. 4: Glucose (squares) and xylose (triangles) 
consumption and formation of biomass (diamonds), ethanol 
(crosses) and xylitol (stars) in anaerobic bioreactor cultiva 
tions With minimal medium. Representative cultures shoWn 
of duplicates. FIG. 411 for Taurus 01, FIG. 4b for Tarurus 03, 
FIG. 40 for Taurus 09, FIG. 4d for Taurus 10. 

[0037] FIG. 5: Xylose consumption in anaerobic shake 
?ask cultures With corn cob liqour by ?rst generation of 
xylose strains, Taurus03 (diamonds) and Taurus09 (tri 
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angles), compared to second generation xylose strains 
evolved from these, Taurus04 (squares) and TauruslO 
(crosses), respectively. 
[0038] FIG. 6: Concentration pro?les of substrates, glucose 
(diamonds), xylose+mannose+galactose (squares, Xyl-Man 
Gal), products, ethanol (circles), xylitol (crosses), and furan 
inhibitors, HMF (stars) and furfural (triangles) in SSF experi 
ment on birch slurry at 7.5% WIS and 5 FPU/g WIS of 
cellulose degrading enzymes. FIG. 611 for Taurus 01 and 6b 
for Taurus 03. 
[0039] FIG. 7: Pro?les of total amounts, glucose (dia 
monds), galactose (triangles), xylose (squares), ethanol 
(black circles) and xylitol (orange circles), in fed-batch fer 
mentation of corn cobs liqour With Taurus04 and With the feed 
of glucose started after 2 h. 
[0040] FIG. 8: Serial dilution series tested on YPD agar 
plate With mixture of 12 inhibitors. Each circle corresponds to 
one dilution and the more diluted to the right. 
[0041] FIG. 9: Anaerobic fermentation of bagasse hydroly 
sate in shake ?ask cultures With S. cerevisiae Taurus 03, 04, 
07 and 10. 
[0042] FIG. 10: SSF (simultaneous sacchari?cation and 
fermentation) experiments With Taurus 07 on Wheat straW 
slurry. 
[0043] FIG. 11: Fermentation With S. Cerevisae strain, Tau 
rus 04, in an industrial demo scale fermentation plant in the 
hydrolysate of corn cob residual slurry (FIG. 11a) and in a 
corn cob residual slurry in combination With a SSF process 

(FIG. 11b). 
[0044] FIG. 12: Tolerance to acetate and HMF at different 
concentrations during groWth on xylose by strains Taurus, 01, 
03, 04, 07, 09 and 10. 
[0045] FIG. 13: Sugar consumption in C5 fermentation 
With Taurus 04, FIG. 13a, consumption/ production pro?les in 
fermentation of hydrolysed C6 solids With Taurus 04, FIG. 
13b, and consumption/production pro?les in fermentation of 
hydrolysed C6 solids With Taurus 04, FIG. 130. 
[0046] FIG. 14 Simultaneous sacchari?cation and fermen 
tation of C5 material and C6 solids With Taurus 04 strain 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0047] When conducting the experiments of the present 
invention conventional microbiological processes are used, 
unless otherWise indicated. Such processes are knoWn to the 
skilled man in the art and are fully explained in the literature. 
[0048] Further, all technical terms used in the present appli 
cation have the meaning as is commonly understood by the 
skilled man. 

[0049] The abundance of xylose in eg plant biomass and 
the possibility to use yeasts, such as Saccharomyces cerevi 
siae, to produce ethanol using xylose as carbon source has led 
to intense research Within this ?eld of technology. The con 
version of xylose has hoWever sometimes been poor resulting 
in a poor ethanol production. Further the production of the 
byproduct xylitol has been rather large. 
[0050] The inventors of the present invention have in vieW 
of the above problems surprisingly developed improved 
strains of Saccharomyces cerevisiae With a more effective 
xylose conversion and as a result of that a better ethanol 
production. Further, a loWer production of the byproduct 
xylitol has been ob served. Furthermore, the improved strains 
have a better tolerance against inhibitors Which are found in 
many lignocellulosic hydrolysates. 
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[0051] It should be noted that strains that are capable of 
using xylose as essentially sole carbon source are also able to 
groW on other sugars. The meaning of the phrase “essentially 
sole carbon source” means that trace amounts of other sugars 
also may be present. Glucose may be present and is usually 
converted ?rst by Saccharomyces cerevisiae since it is a pre 
ferred sugar for yeast. Thereafter the xylose is used as the 
carbon source. 

[0052] These desirable characteristics for Saccharomyces 
cerevisiae have been achieved using the already knoWn strain 
of Saccharomyces cerevisiae knoWn as XYLUSMl25, 
TMB3400 or Taurus 01, having the deposit number CBS 
102679. In this strain genes encoding enZymes giving the 
ability to use xylose as essentially the sole carbon source have 
already been introduced. As an alternative, other strains of 
Saccharomyces cerevisiae With the ability to use xylose as 
essentially sole carbon source can be used according to the 
present invention. The strains of the invention may be per 
formed in industrial strains as Well as laboratory strains even 
though industrial strains are preferred. An industrial strain is 
less Well de?ned than the laboratory strains since it has sev 
eral copies of each chromosome. Thus, manipulating indus 
trial strains, as have been performed according to the present 
invention, is a larger challenge than manipulating laboratory 
strains. 
[0053] The strains With improved ethanol production, 
improved xylose conversion and reduced xylitol production 
and improved inhibitor tolerance according to the present 
invention are obtained using non-recombinant methods. This 
means that recombinant DNA technology is not utiliZed to 
achieve strains With improved ethanol production, improved 
xylose conversion and reduced xylitol production and 
improved inhibitor tolerance. Recombinant DNA technology 
is, hoWever, used to achieve eg the strain TMB3400 (Tau 
rusOl ), Which can be used as a starting material according the 
present invention. Recombinant DNA techniques according 
to the present invention refer to techniques Where genetic 
information is manipulated in vitro, While non-recombinant 
methods are not utiliZing this manipulation in vitro. 
[0054] According to the present invention, the desirable 
characteristics have been achieved in that mutations, nor 
mally occurring during groWth and possibly elevated by UV 
irradiation, are selected and enriched during speci?c condi 
tions in cultivations of Saccharomyces cerevisiae, i.e. 
directed evolution/adaptation or evolutionary engineering. 
The procedure of directed evolution can be divided into three 
steps: ?rst alloWing mutations to occur, thereafter selection of 
desirable traits by applying a selection pressure in culture, 
and ?nally screening/characteriZation of obtained strains to 
map properties. 
[0055] Mutations arise during normal groWth since some 
errors in the genetic code can occur during the replication 
process, in Which the DNA is copied and transferred to the 
next generation. The probability for mutations to occur can be 
increased by certain chemicals or UV irradiation. The muta 
tions may change properties of the cellular proteins such that 
the possibility for the organism to survive is increased or 
decreased. 

[0056] The term “selection” refers to the process, the 
“adaptation”, Where cells With improved desired characteris 
tics are enriched in the population. This is achieved by apply 
ing a selection pressure, Which could be chosen from a large 
number of different conditions, in the cultivation by design 
ing the groWth conditions such that the desired properties are 
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bene?cial for the survival and performance of the microor 
ganism. Selection pressure, as for the present invention, can 
be achieved by having xylose as essentially sole carbon 
source, having inhibitors present, or increasing the tempera 
ture. In addition, different selection pressures are achieved by 
the mode of cultivation. An increase in temperature may 
enrich cells With a higher general stress tolerance. It is very 
important to select and apply the proper selection pressure 
that alloW the desired property to evolve. Certain selection 
pressures can be applied together in the same adaptation or in 
subsequent cultivations. Typically, according to the present 
invention, the cultivation can be performed in liquid medium 
or on agar plates. In liquid culture the proportion of improved 
cells is increased during the progress of the adaptation and is 
seen as an improvement in performance of the mixed popu 
lation, as for the present invention re?ected by improved 
ethanol production, improved xylose conversion and reduced 
xylitol production. 
[0057] Importantly, the adaptation should proceed during 
many generations to alloW suitable mutations to arise and 
enrich in the cell population. When performing the selection 
on agar plates, the cells are typically incubated during a time 
suf?cient to alloW cells having the ability to groW and form 
colonies. Larger colonies appearing on the agar plate are 
indicative of cells With an improved ability to groW at the 
applied condition as compared to smaller colonies shoWing 
an inferior ability. 
[0058] In the present context the phrase “neW generation” 
means, as is understood by a man skilled in the art, that a cell 
has been divided into tWo neW cells and that the tWo neW cells 
represent the neW generation. In the present context the cells 
proceed to groW for many generations and until there cannot 
be observed any phenotypical changes anymore in the neW 
generation compared to previous generations, i.e. phenotypi 
cal changes remain constant. Examples of phenotypical 
changes are for instance the maximal speci?c groWth rate of 
the cells. This can be measured by measuring the optical 
density. Other phenotypical changes that can be observed are 
for instance the productivity of ethanol, the conversion of 
xylose and the production of the byproduct xylitol. There are 
no phenotypical changes observed anymore When these com 
ponents are kept at a constant level. 

[0059] Further, the term “screening” refers to a process 
Where the performance of cells are characterised in a compa 
rable Way. The screening method should shoW the perfor 
mance re?ecting the desired properties of the cells and can be 
performed on agar plates or in liquid medium. Cells With 
improved desired characteristics can thus be identi?ed and 
taken to a further characteriZation of other properties. 
[0060] According to the present invention there is thus pro 
vided a method for producing a strain of Saccharomyces 
cerevisiae With introduced genes coding for xylose reductase, 
xylitol dehydrogenase and xylulokinase and With improved 
ethanol production, improved xylose conversion and reduced 
xylitol production an improved inhibitor tolerance. 
[0061] Further, there are provided strains of Saccharomy 
ces cerevisiae obtainable by the method according to the 
present invention. 
[0062] BeloW folloWs examples for achieving the improved 
strains of Saccharomyces cerevisiae according to the present 
invention. All the Work Was started With the strain TMB3400 
(Taurus 01), Which previously has shoWn very good perfor 
mance regarding xylose conversion capacity and rather loW 
xylitol yields (Sonderegger, et al., 2006, Hahn-Hagerdal, et 
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al., 2007). HoWever, as stated previously, other strains of 
Saccharomyces cerevisiae may be used as long as it has the 
capacity to ferment xylose. By the present invention it has 
surprisingly been possible to produce even more ef?cient 
strains of Saccaromyces cerevisiae With regard to xylose con 
version and ethanol production. A loWer production of the 
byproduct xylitol has also been observed. Thus, the strains as 
obtained according to the present invention may be used in the 
fermentation of different lignocellulosic materials or Waste 
materials from maiZe or bagasse comprising, in addition to 
glucose, considerable amounts of the sugar xylose. More 
e?icient strains to be used in such fermentation processes Will 
be of large economical and environmental value. 
[0063] As Will be seen in the experimental part, the strains 
of the invention have been shoWn to be superior compared to 
prior art strains regarding ethanol production, xylose con 
sumption, xylitol production as Well as inhibitor tolerance. 

EXAMPLE 1 

Improvement of Xylose Conversion Capacity and 
Inhibitor and Temperature Tolerance Using 

Continuous Cultures 

[0064] The directed adaptation series Was started With 
strain Taurus0l and performed in continuous cultures in a 
bioreactor (approx. 750 ml Working volume of l l, Belach 
Bioteknik AB, SWeden) With minimal medium (Verduyn, et 
al., 1992) With 2 times higher trace metal solution than used 
according to Verduyn and 0.1 ml/l of PEG P2000 as antifoam 
(in bioreactor cultivations). The pH Was controlled at 5.0 With 
2M NaOH and stirrer speed Was set at 350 rpm. For starting 
the culture a 50 ml inoculum With 20 g/l xylose and 20 g/l 
glucose (in 250 ml baf?ed shake ?ask, incubated for 24-36 h, 
30° C., shaking 180 rpm) Was added to the bioreactor (With 
minimal medium and 20 g/l xylose and 20 g/l glucose, total 
volume 800 ml, no gas in?oW). The culture Was run for 15-20 
h before the continuous mode Was started With in?oWing 
medium having only 20 g/l xylose as carbon source and an 
over?oW tube determining the out?oW. The precise culture 
volume Was determined at the end of the culture and Was 
740-780 ml. The optical density at 650 nm (OD) Was mea 
sured every Working day as a measure of the cell density. 
Samples for measurement of extracellular metabolites (also 
from the medium ?ask) and aliquots of cells to be saved 
frozen (1 ml of cell suspension Were added to 0.5 ml sterile 
60% glycerol, stored at —80° C.) Were taking regularly. HPLC 
(Dionex, Ultimatum 3000, RI detection at 35° C., UV detec 
tion at 210 nm, columns at 45° C. from BioRad; AminexHPX 
87H and 30><4.6 mm Cation-H micro-guard, eluent 5 mM 
H2SO4 at a ?oW of 0.6 ml/min) Were used to determine 
metabolites. Contamination of the culture Was regularly 
checked, ocularly using a microscope, not to be present. 
[0065] The ?rst part of the adaptation Was run at 30° C. and 
air?oW of 35 ml/min. The intention Was to keep the OD at a 
value 2-2.5. An increase in the OD level is an indication for 
improvement of groWth properties and thus the ?oW rate 
could be increased to apply a higher selection pressure. Cor 
respondingly, if an decrease in the OD level Was seen the 
selection pressure Was too high and accordingly the ?oW rate 
is needed to be decreased. Thus, the increase in ?oW rate (or 
recalculated to dilution rate) is a measure of the increased 
performance of the cells. After 15 generations the tempera 
ture in the reactor Was increased to 35-45° C. for 24 h and cells 
Were recovered from the culture by both saving a froZen 
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aliquot and streaking a sample on a xylose agar plate (20 g/l 
xylose, 20 g/l peptone, 10 g/l yeast extract and 20 g/l agar). A 
strain that Was obtained after such temperature treatment Was 
named Taurus02. Cells from the agar plate Were used to start 
a neW continuous culture. The culture Was run for 77 genera 

tions during Which an increase in the dilution rate Was seen 
(FIG. 1) and the ?nal strain Was named Taurus03. This strain 
thus belongs to the ?rst generation of xylose strains. 

[0066] The second part of the adaptation series Was run at 
an air?oW of 13 ml/min and additional selection pressures 
Were applied. First, the temperature in the bioreactor Was 
increased to 35° C. (both for batch and continuous phases) 
and secondly a toxic bagasse Was blended in to the medium at 
increased levels. This bagasse hydrolysate Was prepared (at 
SEKAB E-technology, SWeden) using a pre-treatment (With 
2% SO2, ~190° C.) Which Was run to long (residence time 
13-15 min) resulting in a someWhat degraded hydrolysate 
With loW levels of sugars (4 g/l glucose, 5 g/l xylose, 0.4 g/l 
galactose) and high inhibitor content. The pH of the hydroly 
sate for the aliquot to be used Was adjusted to 5.0 With 5M 
NaOH at the time of each medium preparation. The culture 
Was ?rst run for 21 generations on only xylose minimal 
medium to alloW the cells to adapt to the higher temperature. 
The culture Was then in total run for 120 generations. An 
increase in dilution rate Were seen during the progress of the 
culture, but When increasing the content of the bagasse in the 
medium the groWth Was sloWer and the dilution rate Were 

consequently needed to be decreased (FIG. 1). HoWever, as 
the generations proceeded at a certain bagasse content an 
improvement in dilution rate Was seen (FIG. 1). 

[0067] At the end of the directed evolution regime the sec 
ond generation of xylose strains Was obtained and further 
characterised. The third last strain Was named Taurus04 and 
the tWo last strains, Which Were named Taurus05 and Tau 
rus06, Were used to select special inhibitor tolerant clones of 
the heterogeneous cell population obtained during adapta 
tion. Samples of the cells Were diluted in a ten times dilution 
series With sterile Water. 10 [1.1 of each dilution Were dropped 
on an agar plate (20 g/l glucose, 20 g/l peptone, 10 g/l yeast 
extract, 20 g/l agar) With a synthetic mixture of 12 selected 
inhibitors. The inhibitors Were present at concentrations of 
2.5 g/l hydroxymethylfurfural, 0.82 g/l furfural, 4.7 g/l acetic 
acid, 0.9 g/l formic acid, 1.8 g/l levulinic acid, 0.10 g/l van 
illin, 0.03 g/l coniferyl aldehyde, 0.75 mg/l cinnamic acid, 15 
mg/l hydroquinone, 82 mg/l syringaldehyde, 15 mg/l 4-hy 
droxybenZoic acid, and 15 mg/l 4-hydroxy-3-methoxyphenyl 
acetone (guaiacyl acetone). The plates Were incubated until 
some larger colonies Were seen. Cells from these colonies 
(Taurus05 one colony, Taurus06 3-4 colonies) Were 
restreaked on bagasse plates (50% toxic bagasse, 20 g/l glu 
cose, 20 g/l peptone, 10 g/l yeast extract, 20 g/l agar) and 
incubated tWo days at 30° C. and four days at room tempera 
ture. Several of the larger colonies Were restreaked on neW 
bagasse plates and incubated for another 2+4 days. From 
these plates the six largest colonies for each strain Were sepa 
rately streaked on xylose minimal medium plates. After incu 
bation at 30° C. for seven days the 9-10 largest colonies of 
each strain Were used to start small cultures (10 ml in 50 ml 
falcon tube) in rich xylose medium (20 g/l xylose, 20 g/l 
peptone, 10 g/l yeast extract) Which Was groWn overnight and 
subsequently used for preparing the froZen stock of cells, 
resulting in the strains named Taurus07 and Taurus08. 
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EXAMPLE 2 

Improvement of Xylose Conversion Capacity Using 
Repetitive Shake Flask Cultures 

[0068] The Taurus02 strain, Which is developed from 
TMB3400 (Taurus01) Was used as the starting strain for a 
directed adaptation scheme using repetitive batch cultures. 
The cultivations Were done in shake ?ask cultures at 30° C. 
With an agitation of 180 rpm in 100 ml ?asks With 50 ml of 
minimal xylose medium (Verduyn, et al., 1992) With pH 5.5 
and 2 times higher trace metal solution than used according to 
Verduyn. The ?rst part of the adaptation scheme Was done 
With 20 g/l xylose in the medium. Each culture Was run until 
the optical density at 650 nm (OD) reached a value of 1.8-3 
When groWth started to cease and then an aliquot of cells Were 
transferred to the ?ask of next round With fresh medium to 
give a start OD of 0.07. In round 7, the performance Was 
improved to such a degree that the start OD Was decreased to 
0.06 for round 8, 0.05 for rounds 9-10 and approx 0.02 for 
rounds 11-13. In total, 13 cultivations Were done alloWing 73 
generations during the adaptation regime and cells from 7 of 
the rounds Were saved froZen (1 ml of cell suspension Were 
added to 0.5 ml sterile 60% glycerol, stored at —80° C.). The 
cultures Were folloWed by measuring OD and from these 
calculating the maximal speci?c groWth rate (FIG. 2) and by 
measuring extracellular metabolites for each culture at the 
start and at the transfer to next round. HPLC (Dionex, Ulti 
matum 3000, R1 detection at 35° C., UV detection at 210 nm, 
columns at 45° C. from BioRad; AminexHPX-87H and 
30><4.6 mm Cation-H micro-guard, eluent 5 mM H2SO4 at a 
?oW of 0.6 ml/min) Were used to determine metabolites and 
these results shoWed that the xylose level at the transfer Was 
quite high, approx 12-16 g/l, and thus the adaptation Was 
taken to the next part. The last strain Was named Taurus09 and 
is thus another ?rst generation xylose strain together With 
Taurus03. This strain had an improved maximal speci?c 
groWth rate about three times at adaptation conditions (FIG. 
2). 
[0069] The xylose concentration in the second part of the 
adaptation Was selected as 5 g/l, based on the poor perfor 
mance of strain Taurus 09 in medium With 5 g/l of xylose as 
compared to 10 g/l both done in separate cultivations. In this 
adaptation the transfer of cells Was done at OD 2.8-3 and the 
start OD Was 0.1 (except for the ?rst four rounds When start 
OD of 0.01 Was used) and OD and metabolites Were folloWed 
as before. The adaptation proceeded during 9 rounds corre 
sponding to 47 generations. Because of the limited improve 
ment in speci?c groWth rate seen at this point (FIG. 2) the 
culture Was divided into four parts. TWo parts Were illumi 
nated With UV light to increase the number of mutations and 
tWo parts Were transferred to the next round Without any 
treatment. For the UV treatment agar plates With minimal 
xylose medium Was used and cells Were spread across 4 agar 
plates Which Was dried. TWo plates Were exposed to UV light, 
using a TFM-26V, P/N 95-0422-02, 25 Watt High Perfor 
mance UV transilluminator from Ultra-Violet Products Ltd. 
With a Wavelength of 302 nm, set on High Intensity, for 60 
seconds and tWo for 90 seconds. Cells Were immediately 
collected from the plates and used to start up neW cultures in 
the adaptation series. Cells exposed both for 60 and 90 sec 
onds Were used together in a neW shake ?ask culture. UV 
treated and not treated cells Were both used to start cultures at 
normal conditions and oxygen limited conditions, see table. 
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Series name A B C D 

Type of Aerobic, Aerobic, Limited 02, Limited 02, 
condition untreated UV treated UV treated untreated 

cells cells cells cells 

[0070] The oxygen limited conditions were achieved by 
using a special shake ?ask. This limited oxygen ?ask was 
constructed from a 250 ml shake ?ask with baf?es and two 
arms. An air ?lter (?lter 21978 from INFORS HT) was con 
nected to one of the arms and a rubber tubing with a syringe 
in the outer end was connected to the other arm for sampling. 
All openings were sealed with para?lm. These adaptation 
series were followed for 14-15 rounds, except for series B 
where cells died in the second round. The number of genera 
tions achieved during this last part was 83 for series A, 68 for 
series C, and 89 for series D. Cells were regularly saved 
frozen (prepared as described above) during the proceeding 
of the adaptation. The last strain of series D showed the best 
performance and was selected as a second generation xylose 
strain and named Taurus10. This strain had an improved 
maximal speci?c growth rate by about 5 times at the low 
xylose levels in the adaptation (FIG. 2). 

EXAMPLE 3 

Characterization of Strains Regarding Xylose 
Fermentation Capacity at Different Conditions 

[0071] a) Shake Flask Cultures with Minimal Medium and 
Xylose as Only Carbon Source 
[0072] The ?rst type of characterisation applied was shake 
?ask cultures with minimal medium and only xylose as car 
bon source. The cultivations were performed in 50 ml 
medium in 100 ml ?asks and started by adding cells from a 
froZen stock to obtain an OD of 0.01. The cultures were 
incubated at 30° C. and 180 rpm, which results in semiaerobic 
conditions in the ?asks, and the cells and metabolite concen 
trations were followed. 

[0073] Strains on which this type of characterisation was 
conducted: 

[007 4] Taurus02 
[007 5] Taurus03 
[007 6] Taurus07 
[007 7] Taurus08 
[007 8] Taurus09 
[007 9] Taurus10 
[0080] A faster maximal speci?c growth rate was achieved 
already for the ?rst generation of xylose strains from both 
types of directed evolution schemes, Taurus03 and Taurus09, 
and was only marginally improved for the second generation 
of xylose strains (Table 1, FIG. 3). The strains have shifted 
types of metabolism towards ethanol production and conse 
quently less cells were formed. Thus, it can be concluded that 
the xylose fermentation was more e?icient also taken into 
account that all the improved strains could use a larger portion 
of the xylose. The best strains in this respect Taurus10 could 
use more than 90% of the xylose and consequently this strain 
produced the highest ethanol level 4.2 g/l. No difference in 
xylose fermentation was seen between the inhibitor tolerant 
strains Taurus07 and Taurus08. 
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TABLE 1 

Growth rates, yields, residual levels of xylose and maximal 
ethanol concentrations during shake ?ask cultivations with 

minimal medium and xylose as sole carbon source. Taurus02, 
07, 10 was done in duplicate cultures, Tau1us03 in triplicates 

and the results from these are given as a range. 

Maximal Ethanol Biomass Xylose Maximal 
speci?c yield (g/ g (OD/g/l residual ethanol 

growth rate consumed consumed level concentra 
Strain (h—l) xylose) xylose) (g/l) tion (g/l) 

Taurus02 0.06-0.09 0-0.06 0.9-1.2 16-18 0-0.2 
Taurus03 0.19-0.22 0.22-0.32 0.28-0.34 3.1-4.0 3.4-4.0 
Taurus04 0.23 0.29 0.24 2.1 3.5 
Taurus07 0.22-0.24 0.16-0.20 0.28-0.31 4.3-5.2 3.2-3.3 
Taurus08 0.21 0.19 0.30 4.0 3.2 
Taurus09 0.21 0.18 0.37 4.5 3.0 
Taurus10 0.19-0.20 0.22-0.26 0.26-0.28 1.8-2.0 4.2-4.7 

Xylitol was for all strains formed at low levels (<0.06 g/g xylose consumed) 

[0081] b) Anaerobic Bioreactor Cultures with Mineral 
Medium and Glucose and Xylose as Carbon Sources 

[0082] In an industrial setting the anaerobic performance is 
very important and thus characterisation in such type of cul 
tures was performed. Since anaerobically, cells cannot grow 
solely on xylose as carbon source (FIG. 4), a mixture of 
glucose and xylose were used. 

[0083] Pre-cultures were prepared by adding 100 [1.1 of fro 
Zen cells from stock culture to 100 ml of minimal media 
containing 20 g/l glucose and 20 g/l xylose. The culture was 
then incubated aerobically at 30° C. for 48 h before inocula 
tion of the bioreactors. The medium in the bioreactor for 
anaerobic cultivations was complemented with 0.1 ml/l anti 
foam (Polypropylenglykol P2000), 10 mg/l ergosterol and 
0.42 g/l Tween 80. Bioreactors with a working volume of two 
liters were used (Belach Bioteknik AB, Sweden) and anaero 
bic conditions was achieved by ?ushing nitrogen gas through 
the fermentor at 0.4 l/min. The temperature was controlled at 
30° C., the pH at 5.0 with 2 M NaOH, and the stirrer speed at 
500 rpm. Cells from the pre-culture were then added to reach 
a starting OD650 of 0.01 in the bioreactor. Both OD and dry 
cell weight were measured and extracellular metabolite 
samples were collected regularly during the course of the 
fermentation. Duplicate cultures of each strain were done, 
which gave very similar results. 

[0084] Strains on which this type of characterisation was 
conducted: 

[0085] Taurus01 

[0086] Taurus03 

[0087] Taurus09 

[0088] Taurus 1 0 

[0089] Also during anaerobic condition the xylose fermen 
tation was more e?icient for all the improved strains (Table 2, 
FIG. 4). It was seen both as an increased rate of xylose 
consumption and all xylose could be consumed by the 
improved strains. Especially, the strain Taurus10 showed a 
fast consumption. Accompanied with the improved ethanol 
formation by our strains also a reduced formation of the 
by-product xylitol was seen. For Taurus03 the reduction in the 
xylitol yield was as much as 40%. 
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